As samples we used strontium titanate (SrTiO 3 ) single crystals, a model substance for the class of perovskites (ABO 3 ). The ferroelectric oxide SrTiO 3 is of use in a wide variety of applications:
developed [17] . Toulemonde et al. applied it to the special case of swift heavy ions where electronic stopping dominates over nuclear stopping by orders of magnitude [18] . It describes the formation of cylindrical tracks of amorphous or recrystallized material inside the solid. It does neither explain the formation mechanism of hillocks on the surface nor the formation of hillock chains. The starting point to gain an understanding of the formation of nanodot chains on SrTiO 3 are early experiments with van der Waals materials such as MoS 2 or WSe 2 . In these materials intermittent fission tracks were observed by transmission electron microscopy [19] . These discontinuous tracks were explained by the strong spatial anisotropy of a van der Waals crystal lattice. The π-electrons are fully contained within the crystal planes and there is only a weak hydrogen bond between the planes. Each time the projectile hits a lattice plane with a high density of electrons, enhanced electronic stopping occurs. This significant anisotropy leads to periodic spikes of radiation damage in this type of materials as observed by Morgan and Chadderton [19] . Such a triggered loss process could also explain the distinct features we observe.
If the ion travels through SrTiO 3 it will continuously interact with the electronic system of the material but energy loss is more probable where the electron density is high. There, the sudden interaction of the projectile with the electronic system gives rise to a sharply peaked energy distribution. How this electronic excitation finally leads to the modification of the material (craters, hillocks, tracks, etc.) is still not exactly known. The thermal spike model describes the energy transport out of the electronically heated region, whereas the Coulomb explosion model [20] couples the electronic excitation to atomic motion caused by the repulsive forces acting in the transiently ionized region.
Both models cover important aspects of the creation processes for material modifications [21] . In our experiment the strong ionization rate of the swift heavy ion leads to a significant charge imbalance.
From Shimas empirical formula [22] and extrapolating experimental data [23] , respectively, we find that Xe ions moving through SrTiO 3 with 92 MeV have an effective equilibrium charge close to the original charge state of q eff =23. However, our data does not allow us to make a clear correlation with neither of the two scenarios. In any case, for both models to be predictive the initial conditions need to be known. A strong anisotropy of the electronic structure as e.g. in a van der Waals material will influence the loss process significantly, be it connected either to a Coulomb explosion or to a thermal spike.
Note however, that SrTiO 3 is not a van der Waals material and the observed features cannot be simply attributed to the ion crossing crystal layers of a homogeneous electron density. If the anisotropy was exclusively parallel to the surface (as is the case with MoS 2 ), we would observe that the number of nanodots was constant and the distance between dots would vary as a function of the angle of incidence. If the anisotropy was exclusively normal to the surface, we would observe a varying number of dots, but the distance between them would be constant. In our case the anisotropy is given parallel as well as normal to the surface. Therefore, the observed distance between dots and the number of the dots as a result of a triggered loss process needs to be discussed taking the full three dimensional electronic structure into account. To this end, we performed ab-initio density functional theory (DFT) calculations to determine the electronic density of SrTiO 3 and projected the density onto the plane of the traveling ion (see fig. 5 ).
Most of the electrons are located around the oxygen atoms and the density is higher in the TiO 2 planes than in the SrO planes (see fig. 4 ). Simple geometrical considerations taking the electron density into account yield a very good qualitative agreement with the periodic defects occuring in The ion then typically travels several hundredÅngström through the crystal without energy loss before it again encounters an area with a high enough electron density.
Even though the exact mechanisms of the observed dot formation ( fig. 1 and fig. 2 ) are not known, we may assume the space-and time dependent generation of excitation energy E s ( r, t) along the trajectory of the projectile r p (t) as well as the transport of excitation energy to play a key role in that process. In the energy regime considered here, the generation of excitation energy can be approximately treated within the frame of the Lindhard model [24] of electronic stopping. Employing that framework, the excitation energy dE s ( r p (t)) that is transferred from the kinetic energy of the projectile into the electronic system within the time interval dt is proportional to the momentary kinetic energy of the projectile and -even more important in our context -to the local electron density n el ( r p (t)) provided by the ab-initio DFT calculations as explained above. We assume the time evolution of the four-dimensional profile E( r, t) of excitation energy within the solid to be described by the diffusion equation
with D denoting the diffusion coefficient. The projectile trajectory r p (t) entering Eq. (1) (1) is hampered by the complexity of the problem.
It should be emphasized here that in our case (i) the consideration of the local electron density on a sub-Ångström length scale and (ii) the necessity for the correct incorporation of the surface plane into the excitation energy transport process principally disallows the reduction of the problem to radial symmetry with respect to the swift heavy ion track as usually done in (TS)-model calculations [25] . In contrast to the (TS)-model calculations, we propose to perform a nested two-step calculation approach as follows: In the first step, we take advantage of the straightness of the ion track andfor given impact parameters (Θ, φ) -geometrically determine the set of intersection points through the unit cells along the trajectory of the projectile. This procedure is performed for a total trajectory length L which corresponds to a laterally projected range larger than the observed period length of the nanodots. Starting from the unit cell at the impact point, each traversed cell is discretized into more than 10 5 voxels to match the sub-Ångström resolution of n el ( r, t). A numerical integration of the equations of motion of the projectile employing the highly-resolved electron density yields the total generated excitation energy dE s ( r p (t)) as well as the traveling time dt for that cell. Naturally, the kinetic energy of the heavy ion is reduced after traversing one cell due to electronic stopping. In the present study we focus our interest on the striking periodicity of the nanodots which should already be present in the space dependence of the electronic stopping (ES) dE s /dx along the trajectory derived from dEs dt ( r p (t)) of Eq. (1). Fig. 6 shows the result of an exemplary calculation of this ES for a 0.711 MeV/u Xe projectile hitting a SrTiO 3 crystal under Θ = 0.5 • and φ = 10 • . Two kinds of peaks can be seen, one originating from the TiO 2 planes, the second one from the SrO planes.
The average ES in the TiO 2 planes is higher by a factor of 2 (integrating over the peak area). Thus, for this particular choice of impact parameters, the periodicity of the dot formation may be governed by the contribution of the TiO 2 planes. The decrease of the maximum peak heights with increasing track length L due to electronic friction will be one factor limiting the total chain length l. A more quantitative discussion of features such as e.g. chain length, track radius and temporal dynamics goes beyond the scope of this paper because it would require a detailed analysis of the full four-dimensional excitation energy profile E( r, t) obtained from Eq. (1) using the ES discussed above.
Our model is further corroborated by plotting the measured length of the chains as a function of the angle of incidence as shown in fig. 3 . The data can be fitted nicely by using l(Θ) = d/(tanΘ).
Here, l is the length of the chain, and d is the maximum depth from where the excitation starts (see inset in fig. 3 ). In addition, we frequently observe, that at the very end of a chain the height of the dots decreases monotonic. These findings could be explained if we assume that the ion is traveling already too deep below the surface and the material modifications do not reach the surface any longer.
In this way, we can determine the radius of the modified volume from our data. Our value of ca. 10 nm is larger by a factor of 2 than the effective latent track radii derived from irradiation experiments on different insulators under 90 • [26, 27] . Repeating our experiment with an amorphous layer of SiO 2 , we find periodic dots as well [28] . It is not clear yet, what the origin of this periodicity is, but it could be the electron density, maybe even of the underlying crystalline Si substrate.
In conclusion, we have demonstrated how to produce periodic nanodots on oxidic surfaces by a single ion hit. We propose that the anisotropic electron density of the material gives rise to a triggered energy loss process. The resulting nanodots imaged by AFM thus represent a direct view of the projection of the three-dimensional electronic density onto the surface.
Methods Experimental setup, sample preparation and image processing
The experiments were performed at the beamline IRRSUD of the Grand Accelerateur National d'Ions Lourds (GANIL) in Caen, France. An UHV-AFM/STM (Omicron Nanotechnology, Taunusstein) was mounted directly to the chamber where the irradiation with swift heavy ions took place. The base pressure was 2 ×10 
